Background: In the plant sulfur assimilation pathway, APS kinase is a redox-regulated branch point enzyme. Results: Structural and biochemical analysis of the cyanobacterial APSK reveals an unregulated precursor of the plant enzyme. Conclusion: Protein engineering of cyanobacterial APSK recapitulates the structural development of redox control in the plant enzyme. Significance: Understanding the evolution of biochemical regulation provides insight for engineering metabolic controls.
Advances in genomics and sequence analysis now allow the exploration of the evolutionary history of protein structure and function. The use of ancestral protein reconstruction (i.e. paleoenzymology) and the synthesis of genes encoding proteins that are potential precursors to those found in different evolutionary lineages can provide insight into the original properties that were the basis for current specialized proteins (1) (2) (3) (4) . Evolutionary comparisons to understand enzyme function largely focus on catalysis and substrate recognition; however, threedimensional structural studies combined with phylogenetic comparisons can also identify core scaffolds and elucidate how the adaptation of new domains leads to the development of regulatory features (5) (6) (7) . For example, crystallographic and biochemical examination of adenosine 5Ј-phosphosulfate kinase (APSK) 3 from Arabidopsis thaliana has identified a redox control element in the N-terminal domain (NTD) of the enzyme (8 -11) . Phylogenetic sequence comparisons suggest that evolutionary precursors of the Arabidopsis enzyme (i.e. APSK from cyanobacteria) lack this structural domain and that adoption of a disulfide in the NTD of APSK from the green lineage occurred as the sulfur assimilation pathway evolved for use in plastids of plants and mosses (8) . Here we aimed to reconstruct the structural evolution of redox regulation in the APSK from cyanobacteria to plants.
The assimilation of sulfur from the environment and its incorporation into a diverse set of metabolites, including cysteine, methionine, glutathione, iron-sulfur clusters, vitamin cofactors, and multiple sulfur-containing specialized molecules, is common to eukaryotes and prokaryotes (12) (13) (14) (15) (16) (17) (18) (19) . Interestingly, plants and microbes differ in their approach to converting inorganic sulfate to more usable forms. Once sulfate is transported into the cell, it is incorporated into adenosine 5Ј-phosphosulfate (APS) by ATP sulfurylase (20 -22) . The high energy phosphosulfate bond in APS provides an energetic driving force in sulfur assimilation. In plants, the next metabolic transformations form a branch point (Fig. 1A) . Reduction of APS to sulfite by APS reductase provides the primary route for incorporation of sulfur into various metabolites (23) . APS can also be phosphorylated by APSK into the sulfate donor 3Ј-phosphoadenosine 5Ј-phosphosulfate (PAPS) (Fig. 1A) . The partitioning of sulfur into PAPS by APSK is essential for plant growth and development, as the enzyme is required for fertility and seed production (24 -27) . A similar branching of sulfur metabolism has been observed in some pathogenic bacteria such as Mycobacterium tuberculosis (28, 29) . In contrast, other bacteria, fungi, and humans sequentially use both APSK and APS reductase in the primary sulfur assimilation pathway to convert APS into PAPS, which is then further metabolized into sulfite by PAPS reductase (12, 13, 17) .
In plants, the branch point from APS into either sulfite or PAPS may be regulated by redox conditions. Thiol-based redox switches differentially modulate the activity of APS reductase and APSK (8 -11, 30) . Reduction attenuates APS reductase activity and enhances APSK activity, whereas oxidation accelerates APS reductase and attenuates PAPS production by APSK (8 -11, 30) . This reciprocal redox regulation provides a means of directing sulfur flux into either primary sulfur metabolism (APS reductase) or specialized metabolism (APSK) depending on the cellular conditions. APSK from A. thaliana (AtAPSK) is biochemically well characterized (8 -11, 31) . AtAPSK exhibits an ordered kinetic mechanism in which the binding of ATP increases affinity for APS; however, this enzyme also exhibits severe substrate inhibition by APS (8 -11, 31) . AtAPSK functions as a homodimer and has a 19-amino acid NTD that contains a cysteine residue, which reversibly forms a disulfide with another cysteine on the adjacent monomer ( Fig. 1B) . The disulfide may alter the flexibility of the NTD, as the reduced form of AtAPSK is nearly 20-fold more efficient than the oxidized form and is 15-fold less susceptible to substrate inhibition by APS (8 -11) . Structure and sequence comparisons show that the APSK from cyanobacteria are missing the NTD found in the enzyme from algae, mosses, gymnosperms, and angiosperms and lack the disulfide cysteines found in the homologs from mosses, gymnosperms, and angiosperms (8) (Figs. 1C and 2).
To understand the molecular evolution of the redox control feature, we investigated the redox-insensitive APSK (SynAPSK) from the cyanobacterium Synechocystis sp. PCC 6803. Crystallographic analysis of SynAPSK in complex with either APS and a non-hydrolyzable ATP analog or APS and sulfate reveals the overall structure of the enzyme, which lacks the NTD found in homologs from mosses and plants. A series of engineered Syn-APSK variants reconstructed the structural evolution of the plant APSK. Biochemical analysis of SynAPSK, SynAPSK H23C mutant, SynAPSK fused to the AtAPSK NTD (SynAPSK fus ), and SynAPSK fus with the H23C mutation (SynAPSK fus/H23C ) showed that the addition of the NTD did not drastically affect the steady-state kinetic behavior of the enzyme and that introduction of the disulfide between the NTD and core altered the redox sensitivity of SynAPSK both in terms of catalytic efficiency and substrate inhibition by APS. Overall, these studies suggest the molecular basis for structural changes leading to the evolution of redox control in APSK in the green lineage from cyanobacteria to plants.
Experimental Procedures
Materials-Generation of the pET-28a-AtAPSK1Ä77 and pET-28a-SynAPSK bacterial expression vectors was described previously (8, 20) . The gene encoding the SynAPSK fus protein was synthesized (Genewiz, Inc.) to place the NTD of AtAPSK1 (STNIKWHECSVEKVDRQRL) in-frame with the coding region of SynAPSK and included NdeI and EcoRI restriction sites at the 5Ј-and 3Ј-ends of the gene, respectively. The Syn-APSK fus coding region was inserted into pET-28a using the NdeI and EcoRI restriction sites. Oligonucleotides for generating the H23C and T61E SynAPSK mutants were from Integrated DNA Technology. APS and AMP-PNP were purchased from Sigma-Aldrich.
Protein Expression and Purification-All proteins were expressed and purified using a common protocol. Escherichia coli BL21(DE3) cells were transformed with the appropriate expression vector. Cells were grown in Terrific broth contain- ing 50 g ml Ϫ1 kanamycin at 37°C (250 rpm) until an A 600 nm ϳ 0.8 was reached. Protein expression was induced with 1 mM isopropyl 1-thio-␤-D-galactopyranoside and temperature was reduced to 18°C overnight. Cells were pelleted by centrifugation (10,000 ϫ g for 15 min), resuspended in lysis buffer (50 mM Tris, pH 8.0, 500 mM NaCl, 20 mM imidazole, 1 mM ␤-mercaptoethanol, 10% (v/v) glycerol, and 1% (v/v) Tween 20), and sonicated. The lysed cells were centrifuged (30,000 ϫ g for 60 min), and the supernatant was passed over a Ni 2ϩ -nitrilotriacetic acid (Qiagen) column equilibrated with wash buffer (lysis buffer minus Tween 20) . Once the column was washed with 20 column volumes of wash buffer, the protein was eluted with elution buffer (wash buffer with 250 mM imidazole). To remove the N-terminal hexahistidine tag, thrombin (1/2000th of total protein) was added to the eluent, and the mixture was dialyzed overnight at 4°C against 25 mM HEPES, pH 7.5, 200 mM KCl, 5% (v/v) glycerol, and 2 mM DTT. Following dialysis, the sample was passed over a mixed Ni 2ϩ -nitrilotriacetic acid/benzamidine-Sepharose column to remove thrombin and uncleaved His-tagged protein. The flow-through was then loaded onto a Superdex-200 26/60 HiLoad FPLC size-exclusion column equilibrated with dialysis buffer. Peak fractions were collected and concentrated using centrifugal concentrators (Amicon) with protein concentration determined using molecular extinction coefficients calculated in ProtParam. For oxidized proteins, DTT was omitted from the dialysis and the final purification steps. All proteins were flash-frozen in liquid nitrogen and stored at Ϫ80°C.
Protein Crystallography-Crystals of the SynAPSK⅐AMP-PNP⅐Mg 2ϩ ⅐APS complex grew at 4°C in hanging drops (2 l) from a 1:1 ratio of protein (10 mg ml Ϫ1 ) preincubated with 5 mM APS, 5 mM AMP-PNP, and 10 mM MgCl 2 and mixed with crystallization buffer (0.1 M sodium cacodylate trihydrate, pH 6.5, 0.2 M magnesium acetate tetrahydrate, and 20% (w/v) PEG 8000). Crystals of the SynAPSK⅐APS⅐sulfate complex were obtained with a similar crystallization set-up but using protein preincubated with 5 mM APS and 10 mM K 2 SO 4 and mixed with 0.1 M CAPS/KOH, pH 10.5, 2 M ammonium sulfate, and 0.2 M LiSO 4 . All crystals were cryoprotected in mother liquor containing 20% glycerol before freezing in liquid nitrogen. X-ray diffraction data (0.5°oscillations, 360 images, and 100 K) were collected at Structural Biology Center beamlines 19-ID (SynAPSK⅐AMP-PNP⅐Mg 2ϩ ⅐APS complex) and 19-BM (SynAPSK⅐APS⅐sulfate complex) of the Argonne National Laboratory Advanced Photon Source. HKL3000 (32) was used to integrate, merge, and scale diffraction intensities. The structure of SynAPSK in complex with AMP-PNP, Mg 2ϩ , and APS was solved by molecular replacement using the structure of AtAPSK (8) with coordinates of the NTD deleted. Molecular replacement was implemented with PHASER (33) and yielded six molecules in the asymmetric unit. The structural model of SynAPSK was built in COOT (34) and refined using PHENIX (35) . The initial model building and refinement used noncrystallographic symmetry restraints, which were released in later rounds of refinement. TLS (translation-libration-screen) modeling was used throughout refinement. Iterative rounds of model building and refinement were continued until the R-factors converged to those reported in Table 1 .
The final model includes residues 4 -176 of each chain, 1 sodium ion, 2 cacodylate molecules, and 88 waters. The structure of the SynAPSK⅐APS⅐sulfate complex was solved by molecular replacement using the SynAPSK structure determined above. Two molecules were found in the asymmetric unit with model building and refinement performed as described above (see Table 1 ). The final model includes residues 3-176 of chain A and residues 2-177 of chain B, 4 sulfates, and 557 waters. Coordinates and structure factors for the SynAPSK⅐AMP-PNP⅐Mg 2ϩ ⅐APS and SynAPSK⅐APS⅐sulfate complexes were deposited in the Protein Data Bank with accession codes 5CB6 and 5CB8, respectively.
Site-directed Mutagenesis-The H23C and T61E SynAPSK point mutants and SynAPSK fus with the mutation corresponding to H23C were generated using the QuikChange PCR method (Agilent) and confirmed by sequencing (Washington University DNA Sequencing Facility). Protein expression and purification of the mutants was performed as described above.
Enzyme Assays-Steady-state kinetic assays were performed as described previously with the resulting initial velocity data fit to either the Michaelis-Menten equation (8, 20) For determination of kinetic parameters with APS, ATP was held constant at 0.1 mM. Determination of kinetic parameters with varied ATP was performed at 5 M APS. Sulfate inhibition assays were performed at 0.1 mM ATP and 5 M APS with varied K 2 SO 4 (0 -100 mM). Steady-state kinetic parameters for reduced and oxidized protein used the standard conditions with either 5 mM DTT (reduced) or 5 mM trans-4,5-dihydroxy-1,2-dithiane (oxidized DTT) added to the assay.
Results
X-ray Crystal Structure of the SynAPSK⅐AMP-PNP⅐ Mg 2ϩ ⅐APS Complex-SynAPSK was overexpressed in E. coli as an N-terminal His-tagged protein and purified using Ni 2ϩ affinity and size-exclusion chromatography. Purified SynAPSK eluted from the gel filtration column as a dimer of ϳ40 kDa (monomer molecular weight, ϳ20 kDa). Steady-state kinetic parameters for APS and ATP were determined (Table 2) for the purified protein, which was subsequently used for protein crystallization with ␤,␥-imidoadenosine 5Ј-triphosphate (AMP-PNP) and APS to obtain the structure of a Michaelis complex.
The 2.79 Å resolution x-ray crystal structure of SynAPSK in complex with AMP-PNP, a non-hydrolyzable ATP analog, Mg 2ϩ , and APS was solved by molecular replacement using AtAPSK (8) as a search model (Table 1) . Six molecules were found in the asymmetric unit. Chains A/D and B/F form noncrystallographic dimers with chains C and E sharing crystallographic symmetry mates that complete the dimer. The core structure of the SynAPSK monomer is a canonical ␣/␤-purine nucleotide-binding domain with a central parallel ␤-sheet (␤1b-␤1c-␤1a-␤1d-␤1e) surrounded by ␣1 and ␣7 on one face of the ␤-sheet and ␣2, ␣3, and ␣4 on the other side ( Fig. 3A) . Clear electron density for AMP-PNP, Mg 2ϩ , and APS ( Fig. 3B ) identified the nucleotide binding sites as situated along the top of the core ␣/␤-domain. Two additional ␣-helices (␣5 and ␣6) OCTOBER SynAPSK binds APS to position the ribose hydroxyl groups for Asp42-mediated phosphoryl group transfer from ATP to the 3Ј-OH group (Fig. 3C) . The adenosine ring of APS is sandwiched between Phe-54 and Phe-134 with the amine group of the ring forming a hydrogen bond to the carbonyl of Gly-133. Arg-45 and Arg-59 provide electrostatic interactions with the sulfophosphate moiety. Additional hydrogen bonds with the mixed anhydride are contributed by the carbonyl group of Ser-86 and the amine group of Ile-85. With the exception of Gly-133, all of the residues that form interactions with APS are invariant in the APSK from plants, mosses, algae, and cyanobacteria (Fig. 2) .
Evolution of Redox Control in APSK
The ATP binding site is defined through interactions with the AMP-PNP analog through the nucleotide phosphate groups (Fig. 3C ). Multiple interactions are mediated through the main-chain carbonyls and amide nitrogens of Gly-15, Gly-17, Lys-18, Thr-19, and Thr-20 in the canonical P-loop and the side chains of Thr-20 and Lys-120. The side-chain group of Arg-117 provides contacts with the ribose and adenosine groups of ATP. The Mg 2ϩ ion is bound by contacts with the ␤-and ␥-phosphate groups, the hydroxyl group of Thr-19, the carboxylates of Asp-40 and Asp-42, and a water molecule. As with the APS binding site, the ATP binding site is generally conserved in the APSK from cyanobacteria, mosses, and plants (Fig. 2) , but there are conservative substitutions between the P-loop of the cyanobacterial APSK (GAGKTT) and that of the plant, moss, and algal APSK (GSGKST). Moreover, the AMP-PNP binding site displays both sequence and structural variability in the residues surrounding the adenosine moiety of the nucleotide (Figs. 2 and 4 ). As noted above, a comparison of the SynAPSK and AtAPSK monomers highlights their overall structural conservation but also shows differences in the ␤1e-␣7 loop that caps the adenosine group of bound ATP (Fig.  4A ). In SynAPSK, the ␤1e-␣7 loop differs in sequence (RTDLEEL) compared with the corresponding loop of AtAPSK (REGGTSP) (Fig. 4B) . These changes shift the position of the loop backbone and alter the interactions with ATP in each protein. In SynAPSK, the backbone carbonyl of Glu-156 and the side-chain hydroxyl group of Ser-161 hydrogen bond to N1 and N6, respectively, of the adenosine ring. In contrast, only the backbone carbonyl of Thr-255 in AtAPSK hydrogen bonds to N5 of the adenosine ring. A sequence comparison of the APSK from plants, mosses, algae, and cyanobacteria shows that this loop region, as well as the C-terminal tail, displays greater variability than other regions of the enzyme.
X-ray Crystal Structure of the SynAPSK⅐APS⅐Sulfate Complex-Within the APSK active site, the P-loop is responsible for the discrimination of nucleotides containing a phosphate at the ␤-position (i.e. ADP and ATP) versus those with a sulfate at this position (i.e. APS) (9). The 1.88 Å resolution x-ray crystal structure of SynAPSK in complex with APS and sulfate was determined to examine where sulfate binds in the ATP binding site (Table 1 and Fig. 5A ). The overall structure is nearly identical to the SynAPSK⅐AMP-PNP⅐Mg 2ϩ ⅐APS complex with a 0.3 Å r.m.s.d. for 174 C␣ atoms. Unambiguous electron density for APS and sulfate in the active site was observed (Fig. 5B ). As reported in other APSK structures (8, 42) , the sulfate molecule is bound by multiple amide nitrogen contacts with residues In addition to the sulfate in the active site of SynAPSK, a second sulfate binding site was identified in the dimer interface (Fig. 5, A and C) . This molecule interacts with Thr-61 and Arg-64 of one monomer and Lys-50 from the adjacent monomer. To test whether this binding site was functionally relevant, the SynAPSK T61E mutant was generated, and the resulting mutant was expressed, purified, and kinetically analyzed. Substitution of Thr-61 with a glutamate, which is the preferred amino acid at this position in the plant, moss, algal, and cyanobacterial APSK (Fig. 2) , did not significantly alter the steadystate kinetic parameters of the mutant (Table 2) . Moreover, the effects of sulfate on the activity of SynAPSK (IC 50 ϭ 17.0 Ϯ 0.4 mM) and the SynAPSK T61E mutant (IC 50 ϭ 15.7 Ϯ 0.2 mM) were comparable. Because the residue ancestrally corresponding to Thr-61 of SynAPSK is typically a glutamate, the binding of a sulfate in the dimer interface of SynAPSK appears to be a crystallization artifact related to the sequence of SynAPSK. Overall, these results are consistent with sulfate inhibition occurring through binding at the P-loop in the active site.
Structural Evolution of the N-terminal Domain and Redox Control Element in APSK-Crystallographic and biochemical studies identified the NTD of AtAPSK as a redox control feature that modulates enzymatic activity (8 -11) . In contrast to plant APSK, the cyanobacterial enzymes lack both the N-ter- OCTOBER 9, 2015 • VOLUME 290 • NUMBER 41
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minal extension (as well as a chloroplast localization sequence) and the cysteine residues that form the regulatory disulfide (Figs. 1C and 2) . To test the structural evolution of the thiolbased switch in APSK, a series of engineered variants were constructed for kinetic analysis (Fig. 6A ). Using SynAPSK as the structural core, a synthetic gene was used to place the 19-amino acid NTD of AtAPSK (STNIKWHECSVEKVDRQRL) in-frame with the coding region of SynAPSK to yield SynAPSK fus . The fused NTD contains one cysteine of the regulatory disulfide switch. A comparison of the sequence and structure of AtAPSK with SynAPSK identified His-23 as the residue for mutagenesis to cysteine, the second residue in the disulfide linkage. Sitedirected mutagenesis of this residue yielded the SynAPSK H23C mutant and the SynAPSK fus/H23C variant.
Steady-state kinetic analysis of SynAPSK, SynAPSK H23C, SynAPSK fus , and SynAPSK fus/H23C demonstrated that engi-neering of the NTD and disulfide leads to differences in redox sensitivity ( Table 2 and Fig. 6B ). Analysis of SynAPSK under reducing and oxidizing conditions yielded comparable k cat and K m values. Likewise, the SynAPSK H23C mutant displayed kinetic parameters similar to the wild type under either reducing or oxidizing conditions. Fusion of the NTD of AtAPSK to SynAPSK resulted in slight (i.e. less than 2-fold) increases in the K m values for ATP. Under oxidizing conditions, SynAPSK fus/H23C displayed a 4.5-fold lower k cat /K m for APS and an 8-fold lower K i for APS substrate inhibition (Fig. 6B) . In addition, a less than 2-fold change in K m for ATP was observed under oxidizing conditions. Formation of the engineered disulfide linkage in the NTD of SynAPSK was also confirmed by nonreducing SDS-PAGE analysis of SynAPSK fus/H23C incubated in changing ratios of reduced DTT: trans-4,5-dihydroxy-1,2-dithiane (oxidized DTT) ( Fig. 6C ). Under reducing conditions, the unlinked monomer was observed. With increasing oxidation, the formation of the disulfide cross-linked dimer was apparent.
Discussion
The uptake and assimilation of sulfur for a variety of metabolic purposes is a common feature in prokaryotes and eukaryotes alike. In particular, the use of APS (Fig. 1A) , a high energy molecule with twice the energy of the pyrophosphate linkage of ATP (43) (44) (45) , for incorporation of sulfur into compounds of primary and specialized metabolism places constraints on the protein structure required for recognizing this special metabolite. The enzymes responsible for producing APS (ATP sulfurylase) and its conversion to useable forms (APS kinase) are highly conserved in sequence and core structure across a wide range of organisms (18, 46) ; however, these enzymes display a remarkable variety in domain organization/ architecture and regulatory features.
The structures of SynAPSK in complex with either AMP-PNP, Mg 2ϩ , and APS ( Fig. 3 ) or APS and sulfate (Fig. 5 ) reveal a compact homodimeric structure with a monomer fold that is retained in APSK from prokaryotes and eukaryotes. Although there are minor sequence variations in the P-loop and larger differences in the sequence and positioning of the ␤1e-␣7 loop between cyanobacterial and plant APSK (Fig. 4) , the positioning of the conserved catalytic aspartate, a nearly invariant APS binding site, and a well conserved ATP binding site (Fig. 3C ) suggests a reaction sequence for SynAPSK that is shared with other enzymes of the family (31, 47, 48) . For phosphoryl group transfer, ATP⅐Mg 2ϩ binds first followed by APS. The Mg 2ϩ ion is required for catalysis and organization of the active site with Asp-42 acting as a general base for the abstraction of a proton from the ribose 3Ј-OH group of APS, which leads to its nucleophilic attack on the ␥-phosphate of ATP. Following catalysis, PAPS is released followed by ADP. Presumably, the active site "lid" domain, which includes ␣5 and ␣6, moves between the open and closed forms to allow for binding and release of the nucleotides (42) . The x-ray crystal structure of SynAPSK and the amino acid sequence comparisons with representative members of differ-ent cyanobacterial families (i.e. Anabaena sp. PCC 7108, Nostoc sp. PCC 7107, Calothrix sp. PCC 7103, Trichodesmium erythraeum, Cyanothece sp. PCC 7822, Pleurocapsa sp. PCC 7319, Synechococcus sp. PCC 7002, and Oscillatoria sp. PCC 10802) indicate that these organisms use highly homologous (61-83% amino acid sequence identity) enzymes for the formation of PAPS (Fig. 2) . With the exception of the APSK from Anabaena, which has a short N-terminal extension, the cyanobacterial APSK lack the NTD found in the homologs from algae, mosses, and plants (Fig. 2 ). This major difference, along with other sequence variations, leads to a clear phylogenetic split between the cyanobacterial APSK and the APSK from organisms along the evolutionary lineage from cyanobacteria to green algae and chlorophytes (Chlorella variabilis and Chlamydomonas reinhardtii), mosses (Physcomitrella patens and Selaginella moellendorffii), gymnosperms (Picea sitchensis), and angiosperms (A. thaliana) (Fig. 1C) . Nonetheless, the APSK in the green lineage share 46 -57% amino acid sequence identity with SynAPSK and likely retain a homodimeric stucture as observed in both SynAPSK and AtAPSK (8) .
A comparison of the three-dimensional structure of SynAPSK with other APSK in the Protein Data Bank highlights the various ways in which its core scaffold, along with that of ATP sulfurylase, has been duplicated, recombined into multifunctional enzymes, and modified to different configurations and/or functions. Phylogenetic comparisons indicate that the APSK domain of the human PAPS synthetase shares a closer similarity to the enzymes from algae, mosses, and plants than that of cyanobacteria (Fig. 1C ), but the APSK domains from fungi (P. chrysogenum) and the bacteria A. aeolicus and T. denitrificans are more related to the cyanobacterial APSK (Fig. 1C) . However, each of these organisms links APSK and ATP sulfurylase in different ways. For example, the human PAPS synthetase is a bifunctional enzyme with an N-terminal APSK domain linked to a C-terminal ATP sulfurylase domain (37) . Each domain forms a dimeric structure connected by a linker region. The bifunctional enzyme from A. aeolicus swaps the order of the two domains and uses the C-terminal APSK domain for homodimer formation (40) . In yeast/fungi (P. chrysogenum and Saccharomyces cerevisiae), ATP sulfurylase functions as a homohexamer but contains a nonfunctional C-terminal APSKlike domain (39) . In the enzyme from P. chrysogenum, the APSK-like domain functions as a regulatory subunit of ATP sulfurylase activity (39) with a monofunctional APSK providing for PAPS synthesis (38) . With the hexameric APSK from T. denitrificans, it is an N-terminal ATP sulfurylase-like domain that lost catalytic function to serve as an oligomerization domain for the catalytic C-terminal APSK domain (41) . The evolutionary differences in the organization of APSK and ATP sulfurylase likely reflect the different needs and uses of these organisms for sulfur in their metabolisms. This also appears to be the situation in the evolution of the NTD in APSK from cyanobacteria to plants.
Previous studies demonstrate that AtAPSK is redox-regulated (8 -11) . The oxidized form of AtAPSK exhibited a 20-fold reduction in catalytic efficiency and was 15-fold more sensitive to substrate inhibition by APS than the reduced protein ( Table  2 ) (8) . Structural and functional analyses defined the role of the NTD and a disulfide linkage in modulating these differences (8 -11) (Fig. 1B) . The redox-sensitive APSK in plants appears to have evolved after bifurcation of the sulfur assimilation pathway in the green plant lineage to provide a control mechanism for partitioning sulfur flow via APS into primary and specialized thiol metabolic routes in plastids (8 -11) . Earlier biochemical studies on the APSK from Arabidopsis demonstrated similar redox regulation that could be mediated by E. coli thioredoxin (31) , which is consistent with a common target recognition mechanism for the reduction of disulfides by thioredoxin (49) . In plants, oxidative stresses increase the demand for cysteine and glutathione and activate two key enzymes (APS reductase and glutamate-cysteine ligase) in the primary pathway leading to these molecules (40, 50 -53) . Oxidizing conditions attenuate APSK activity to limit APS use in the secondary route. Thus, reciprocal regulation of the APS branch point can be controlled by the cellular redox state.
As cyanobacteria represent the evolutionary origins of the chloroplast in plants (54, 55) , structural studies of SynAPSK provide a foundation for investigating the structural development of redox regulation in APSK from the green plant lineage. Using a series of SynAPSK variants, we reconstructed the evolutionary path of a regulatory feature from cyanobacteria to plants (Fig. 6A) . As with SynAPSK, both the SynAPSK H23C mutant and SynAPSK with an AtAPSK NTD fusion (i.e. SynAPSK fus ) displayed minimal differences in steady-state kinetic parameters under either reducing or oxidizing conditions ( Table 2) . Only the version with both an NTD and an H23C substitution recapitulated the effect of oxidation and disulfide formation on APSK activity (Fig. 6, B and C) . However, the 4.5-fold reduction in catalytic efficiency and 8-fold stronger effect of substrate inhibition by APS on SynAPSK fus/H23C suggests that other changes are required to complete the evolutionary path and tighter redox control observed with AtAPSK.
Although the monomer structures of SynAPSK and AtAPSK are similar (DALI Z score ϭ 28.4 with a 1.1 Å r.m.s.d. for 172 C␣ atoms), superimposition of the dimeric structures of each enzyme (4.2 Å r.m.s.d. for 172 C␣ atoms) reveals differences in the positioning of secondary structural features within each monomer (Fig. 7) . Along the dimer interface, ␣2 and ␣3 are shifted 3.8°and 9.6°, respectively, toward the exterior of the dimer in AtAPSK compared with their positions in SynAPSK. Similarly, ␣1 and ␣7, which buttress the ATP binding site, are tilted 10.5 and 15°, respectively, into the dimer interface of AtAPSK compared with SynAPSK. Although the general position of His-23 of SynAPSK and Cys-119 of AtAPSK are comparable and redox effects can be conferred to SynAPSK fus/H23C , additional structural changes likely contribute to the more effective thiol switch in AtAPSK.
Previous studies done on AtAPSK and the APSK domain of PAPS synthetase from humans also suggest that slight structural variations with SynAPSK may lead to biochemical differences. Deletion of the NTD in AtAPSK and PAPS synthetase abolishes substrate inhibition by APS (9, 56) . In contrast, Syn-APSK is inhibited by APS even though it lacks the correspond- ing NTD ( Table 2) . Mutations leading to shifts in the dimeric structure of APSK may optimize disulfide formation and the positioning of the NTD (11) . Flexibility in the NTD of APSK has been observed in multiple crystal structures (8, 9, 38, 40 -42, 57) . For example, ligand binding studies of reduced and oxidized AtAPSK indicate that the NTD and disuflide bond formation alters ligand binding preference to modulate substrate inhibition by APS (9, 11) . Localized structural movements can create active site conformations that favor or disfavor catalysis. Given the mobility of structural features in APSK from all organisms, it is plausible that conformational dynamics contribute to the distinct biochemical properties of various APSK (58, 59) .
Another potential regulatory feature was also examined ( Fig.  5 and Table 2 ). The structure of the SynAPSK⅐APS⅐SO 4 2ϩ complex shows an ordered sulfate bound to residue Thr-61. As this residue appeared to be at a potential allosteric site, the T61E point mutant was generated. No difference in sulfate inhibition was observed between the wild type and the T61E mutant, indicating that this ordered sulfate is a crystallographic artifact resulting from the sequence of SynAPSK.
As genomes become available for various organisms across the "tree of life," such information provides fertile ground for the examination and reconstruction of the molecular evolution of protein structure and function, biochemical regulation, and the organization of metabolic pathways (1-7). Evolutionary biochemistry offers the opportunity to explore and compare proteins as they adapt to various systems-level demands. Unraveling how regulatory features, such as thiol-based redox switches, develop promises to have both protein and metabolic engineering applications.
